Legionella pneumophila is a facultative intracellular pathogen responsible for severe lung disease in humans, known as legionellosis or Legionnaires' disease. Previously, we reported on the ϳ60-kDa glucosyltransferase (Lgt1) from Legionella pneumophila, which modified eukaryotic elongation factor 1A. In the present study, using L. pneumophila Philadelphia-1, Lens, Paris, and Corby genome databases, we identified several genes coding for proteins with considerable sequence homology to Lgt1. These new enzymes form three subfamilies, termed Lgt1 to -3, glucosylate mammalian elongation factor eEF1A at serine-53, inhibit its activity, and subsequently kill target eukaryotic cells. Expression studies on L. pneumophila grown in broth medium or in Acanthamoeba castellanii revealed that production of Lgt1 was maximal at stationary phase of broth culture or during the late phase of Legionella-host cell interaction, respectively. In contrast, synthesis of Lgt3 peaked during the lag phase of liquid culture and at early steps of bacterium-amoeba interaction. Thus, the data indicate that members of the L. pneumophila glucosyltransferase family are differentially regulated, affect protein synthesis of host cells, and represent potential virulence factors of Legionella.
The protein synthesis machinery of eukaryotic cells is a wellknown target for pathogenic microorganisms during hostpathogen interaction. Examples of bacterial protein toxins targeting host protein synthesis include Shiga-and Shiga-like toxins, which act as rRNA N-glycosidases, and diphtheria toxin (DT) and Pseudomonas aeruginosa exotoxin A, which ADPribosylate the modified histidine residue diphthamide in eukaryotic elongation factor 2 (eEF2). Both types of enzymatic activities result in inhibition of protein synthesis and death of target cells (26, 34) .
Recently, an ϳ60-kDa glucosyltransferase, referred to here as Lgt1 (Legionella pneumophila glucosyltransferase 1), was identified in L. pneumophila cultures. Well-studied examples of bacterial glucosylating enzymes targeting eukaryotic proteins are the large clostridial cytotoxins. They glucosylate 20-to 25-kDa small GTPases of the Rho family, thereby inhibiting the regulatory functions of these switch proteins (1, 16) . In contrast, the Legionella enzyme modified an ϳ50-kDa component in mammalian cell extracts, which was identified subsequently as eEF1A. This elongation factor also represents a GTP-binding protein, possessing GTPase activity. Lgt1 modifies serine-53 of eEF1A, located in the GTPase domain near the switch 1 region of the GTPase. This modification results in inhibition of protein synthesis both in vitro and in vivo and causes death of intoxicated eukaryotic cells (3, 4) .
Many Legionella proteins occur in a set of redundant molecules, executing apparently closely related functions (6, 12, 18, 27, 28) . Therefore, we screened Legionella genome databases for Lgt1 analogs. Here we report that L. pneumophila strains Philadelphia-1, Lens, Paris, and Corby (GenBank accession numbers NC_002942, NC_006369, NC_006368, and NC_009494, respectively) contain open reading frames (ORFs) encoding proteins related to Lgt1 and representing a novel family of Legionella glucosyltransferases. mutated in the DXD region (i.e., double D246N/D248N mutant) was described earlier (4) . DNA sequencing was carried out with ABI Prism BigDye Terminator v. 3.1 reagents on an ABI Prism 3100 Avant sequencer.
For purification of recombinant proteins, the E. coli clones were grown in LB broth supplemented with ampicillin or kanamycin on a shaker at 37°C until the optical density at 600 nm was 0.5. Expression of the cloned proteins was then induced by supplementation of the culture with 0.1 mM of isopropyl-␤-D-thiogalactopyranoside (IPTG; Sigma, Moscow, Russia) overnight at 22°C. The bacterial cells from 2 liters of culture were harvested by centrifugation at 6,000 ϫ g for 15 min, resuspended in 15 ml of 20 mM Tris-HCl-buffered saline, pH 7.4 (TBS), and then lysed by French press. Following clarification by centrifugation, the bacterial extracts were subjected to chromatography on a glutathione-Sepharose Fast Flow (pGEX vectors) or nickel-equilibrated chelating Sepharose Fast Flow (pET vectors) column according to the manufacturer's instructions (GE Healthcare). Because the pGEX plasmid-encoded Legionella enzymes were unstable following thrombin cleavage, glutathione S-transferase (GST)-tagged (i.e., eluted from glutathione-Sepharose by 20 mM reduced glutathione) Lgt1, Lgt2, and Lgt3 were used throughout the study.
Enzymatic assays. Eukaryotic cell extracts, used as substrates in the reaction mixtures, were prepared from EBL (embryonic bovine lung), Caco2 (human colon carcinoma), or HeLa (human cervical cancer) cells by brief sonication, with the total protein concentration being in the range of 7 to 10 mg/ml (4) . Protein concentrations were determined by Coomassie brilliant blue G250 assay (Serva, Heidelberg, Germany), using bovine serum albumin as a standard (5) . The glucosylation reaction was carried out in a 20-l mixture consisting of 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM MnCl 2 , 2 to 5 g of recombinant Legionella proteins, 50 to 70 g of crude ultrasonic cell extract or 2 to 4 g of purified recombinant eEF1A1 (the elongation factor-encoding plasmid was a generous gift from Charlotte R. Knudsen, Aarhus University, Denmark), and 10 M of UDP-[ 14 C]glucose (ARC, St. Louis, MO). ADP-ribosylation was carried out in a 20-l mixture consisting of 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 2 g of recombinant purified DT-A, 50 to 70 g of crude ultrasonic cell extract, and 0.5 mCi [ 32 P]NAD (GE Healthcare). The mixtures were incubated at 37°C for 1 h, after which the reactions were stopped by the addition of Laemmli sample buffer and heating at 100°C for 5 min. The samples were then subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and scanned on a Storm 820 phosphorimager (Molecular Dynamics, Vienna, Austria). In experiments on preglucosylation of eEF1A, 0.5 ml of EBL or HeLa cell extract was treated with 200 g of purified wild-type or DXDmutated GST-tagged Lgt1 in reaction buffer with 2 mM of unlabeled UDPglucose for 40 min at 37°C. Thereafter, the reaction mix was dialyzed against TBS with 10% glycerol overnight at 4°C and used for reglucosylation by GST-Lgt1, GST-Lgt2, or GST-Lgt3 in the presence of 10 M of UDP-[ 14 C]glucose, as described above.
Intoxication of eukaryotic cells by electroporation. EBL cells were grown in an atmosphere of 5% CO 2 at 37°C until confluence on a 9-cm petri dish in modified Eagle medium (MEM) supplemented with antibiotic solution and 15% fetal calf serum (11) . Cells from one petri dish were trypsinized and resuspended in 2 to 3 ml of fresh supplemented MEM (the resulting density was 2 ϫ 10 6 to 3 ϫ 10 6 cells/ml), to which recombinant GST-tagged L. pneumophila proteins or DT-A was added at different concentrations (denoted in Fig. 4 and 5). Electroporation settings were 200 V and 950 mF for a 4-mm standard electroporation cuvette (GenePulser; Bio-Rad, Austria). Immediately following a 15-to 25-ms pulse, cells were seeded into 24-well cell culture plates and incubated for 2 h in a CO 2 incubator. Afterwards, cells were washed with TBS and incubation was continued for up to 3 days in fresh supplemented MEM. At daily time points, cells were subjected to phase-contrast microscopy. For enumeration of live cells, cells were trypsinized, stained by 0.25% trypan blue dye solution, and counted in a hemocytometer.
In vitro transcription/translation assay. In vitro transcription/translation assays were performed with a rabbit reticulocyte lysate system as suggested by the manufacturer (L4610; Promega, Mannheim, Germany). As a target DNA for transcription/translation experiments, a luciferase gene-containing plasmid (included in the kit) or a ␤-actin gene-containing plasmid (a generous gift of John C. Sparrow, University of York, United Kingdom) was used. To investigate the influence of the recombinant L. pneumophila proteins and DT-A on protein synthesis, different amounts of purified proteins were added to the reaction mixture. Reaction with DT-A was performed in the presence of 20 M NAD. The mixtures were incubated for 90 min at 30°C, subjected to SDS-PAGE, and scanned on a phosphorimager.
Methionine incorporation assay. For methionine incorporation assay, EBL cells were harvested in supplemented MEM without L-methionine (MEM-M) and were intoxicated by electroporation (as described above) with recombinant L. pneumophila proteins or DT-A at 33 to 0.03 g/ml. After 2 h of incubation at 37°C, cells were washed and pulsed with [ Acanthamoeba castellanii infection studies. A. castellanii C3 was cultivated routinely in PYG medium in 250-ml flasks at room temperature (21) . For intracellular infection studies, amoebae were washed once and transferred into 6-cm petri plates with 5 ml of amoeba buffer to achieve a concentration of 10 5 cells/ml. A. castellanii amoebae were allowed to adhere for 30 to 40 min at room temperature, and a suspension of L. pneumophila Philadelphia-1 was added at a multiplicity of infection of 0.1 (i.e., 1 bacterium per 10 amoebae). Afterwards, the coinfection proceeded for up to 72 h at 37°C. At certain time points, the corresponding plate was washed with the buffer and treated with 0.2% Triton X-100 solution to release intracellular bacteria, which were titrated subsequently on BCYE agar for CFU counting. At the 72-h time point, a washing step was omitted.
RT-PCR. Total RNA from L. pneumophila Philadelphia-1 cells, grown in proteose-peptone broth or in A. castellanii for certain periods, was isolated using an RNeasy mini kit with RNAprotect bacterial reagent (Qiagen, Hilden, Germany). For reverse transcription (RT), a QuantiTect Rev transcription kit (Qiagen) was utilized as suggested by the manufacturer. Real-time PCR was performed with a QuantiTect SYBR green PCR kit (Qiagen) on an Mx3000P cycler controlled by MxPro software (Stratagene, Amsterdam, Netherlands). Data analysis was done using MxPro software (Stratagene), and data were normalized to 16S rRNA levels. The following equation was used to calculate induction in the RT-PCR experiments: ratio ϭ 1.7
⌬CT
, where ⌬C T ϭ C T (sample 1) Ϫ C T (sample 2) (12) and C T means the cycle threshold at which the fluorescence level reaches the cutoff value, determined by the computer program.
Immunoblot analysis. Mouse monospecific sera against purified polyhistidinetagged recombinant Lgt1, Lgt2, and Lgt3 were used for Western blotting. Following SDS-PAGE, immunoblot analysis was performed according to a standard procedure (17, 31) , using a 1/50,000 dilution of each anti-Lgt serum, a 1/10,000 dilution of anti-mouse-horseradish peroxidase conjugate, and an ECL detection system (GE Healthcare) on an LAS-3000 mini device (Fujifilm, Dusseldorf, Germany).
RESULTS
Identification of Lgt1-like sequences in L. pneumophila. Our previous data suggested that by inhibiting protein synthesis in target cells, the glucosyltransferase Lgt1 plays an important role in the virulence of L. pneumophila (3, 4) . Therefore, we studied whether the L. pneumophila genome database contains more than one copy of the corresponding gene or any other homologous sequences. Using a BLAST search, we identified several ORFs exhibiting considerable similarities with the Lgt1 gene in four different L. pneumophila strains. In particular, strain Philadelphia-1 contains the homologous coding sequences lpg1488 and lpg2862 in addition to lpg1368 (the gene for Lgt1). Moreover, strain Lens harbors the genes lpl1319 and lpl1540, strain Paris contains lpp1322 and lpp1444, and strain Corby possesses the genes lpc_0784 and lpc_0903, which are all related to lpg1368 (Fig. 1) . Based on the amino acid sequence similarities, the corresponding proteins could be grouped into three subfamilies. We called them Lgt1 (translated lpg1368, lpp1322, lpl1319, and lpc_0784), Lgt2 (translated lpg2862), and Lgt3 (translated lpg1488, lpp1444, lpl1540, and lpc_0903) (Fig.  2) . Representatives within the family were Ͼ80% identical, while the identities between different groups were in the range of 20 to 40% (data not shown).
Alignment of Lgt1-, Lgt2-, and Lgt3-like sequences demonstrated the highest homology in a DXD motif-containing region, which is typical for type A glucosyltransferases (10) . In this region, the putative Legionella enzymes exhibit significant similarity with the DXD motif of the active site of clostridial glucosylating cytotoxins (this region of toxin B of Clostridium difficile is shown in bold in Fig. 1 ).
ORFs coding for Lgt1-and Lgt3-like proteins could be found in all four sequenced L. pneumophila genomes. The corresponding products have molecular masses in the ranges of 60 to 65 and 87 to 100 kDa, respectively. Interestingly, Lgt3-like proteins possessed a C-terminal domain having high similarity with another group of proteins (lpg1491 and lpp1447 in strains Philadelphia-1 and Paris, respectively) (not shown) and a unique region of repeats with the repeat sequence KXEEEQRI (Fig. 1,  italics) . In contrast, Lgt2-encoding genes were missing in three of the four L. pneumophila strains for which genome data are available (i.e., in strains Paris, Corby, and Lens). In strain Philadelphia-1, the molecular mass of translated lpg2862 (single representative of the Lgt2 group) was ϳ70 kDa.
The apparent irregular distribution of lgt genes prompted us to investigate their existence in a broader number of Legionella strains by PCR with specific internal primers. In these experiments, lgt1-and lgt3-containing sequences were detected in all tested L. pneumophila representatives, i.e., Philadelphia-1, 130b (serogroup 1), ATCC 33823 (serogroup 7), ATCC 35096 (serogroup 8), ATCC 43136 (serogroup 13), and 1169-MN-H (serogroup 14). In contrast, lgt2-specific sequences could be detected in only three of the six strains, i.e., Philadelphia-1, ATCC 35096, and ATCC 43136 (data not shown). This suggests that Lgt1 and Lgt3 represent an indispensable pair, while the role of Lgt2 is not essential, at least for some strains. In no case were we able to detect by PCR lgt-like sequences in a limited number of tested non-L. pneumophila legionellae (L. longbeachae, L. gormanii, and L. steigerwaltii) (data not shown).
Using sequence information from the L. pneumophila Philadelphia-1 genome, two sets of primers were synthesized in order to amplify and clone lgt genes from various strains of L. pneumophila (Table 1) . To this end, lgt2 sequences were cloned using the chromosomal DNAs obtained from L. pneumophila 2) and have been used in subsequent experiments as representatives of Lgt2 and Lgt3 family proteins. Glucosyltransferase activity of Lgt2 and Lgt3. Lgt2 and Lgt3 were expressed as GST fusion proteins in E. coli (Fig. 3a, lanes  1 to 3) . As shown in Fig. 3b , all three proteins (Lgt1, Lgt2, and Lgt3) glucosylated eukaryotic proteins with similar molecular masses of ϳ50 kDa in the presence of UDP-[ 14 C]glucose (Fig.  3b, lanes 5 to 7) . The intensities of glucosylation were approximately the same with all three enzymes. Recently, we have shown that the glucosyltransferase Lgt1 modifies eEF1A at serine-53 (4). To confirm that Lgt2 and Lgt3 also modify eEF1A, we tested purified recombinant wild-type eEF1A (Fig.  3c) . Moreover, we studied whether Lgt2 and Lgt3 share the same target site in eEF1A as that for Lgt1. To this end, we employed two mutants, S53T eEF1A and S53A eEF1A (i.e., threonine and alanine substitutions for serine-53), as substrates for glucosylation by Lgt2 and Lgt3. As shown in Fig. 3c , all three L. pneumophila glucosyltransferases modified purified wild-type eEF1A (Fig. 3c, lanes 1, 4, and 7 ) and the S53T eEF1A mutant did so to a lesser extent, but the mutant with the S53A substitution did not (Fig. 3c, lanes 3, 6 , and 9 and lanes 2, 5, and 8, respectively), suggesting that the enzymes share the same acceptor amino acid residue.
To additionally confirm the target site identity for all three enzymes, EBL cell extracts were treated initially with either wild-type Lgt1 or inactive DXD-mutated Lgt1 in the presence of 2 mM unlabeled UDP-glucose in a standard reaction mix. The reaction mixture was then dialyzed (see Materials and Methods) and used for reglucosylation by Lgt1, Lgt2, or Lgt3 in the presence of UDP-[
14 C]glucose as a cofactor. As shown in Fig. 3d , labeling of proteins pretreated by wild-type Lgt1 was marginal in the second round of glucosylation by Lgt1, Lgt2, or Lgt3 with radioactive UDP-glucose (Fig. 3d, lanes 2 to 4) . In contrast, in cell extracts pretreated with the inactive DXD mutant of Lgt1, the three glucosyltransferases catalyzed significant labeling of the 50-kDa protein in the second glucosylation reaction (Fig. 3d, lanes 5 to 7) . Thus, all of these data are in accordance with the view that the three related but not identical transferases modify a single serine residue in eEF1A with similar efficiencies.
Cytotoxic activity of L. pneumophila glucosyltransferases. eEF1A, which is a substrate of L. pneumophila glucosyltransferases, plays a pivotal role in protein synthesis (7) . To study whether Lgt2 and Lgt3 have cytotoxic activity, we compared their effects with that of another elongation factor-targeting molecule, DT. For this purpose, DT-A was used as a GST fusion protein (Fig. 3a, lane 4) . EBL cells electroporated with recombinant enzymatically active proteins failed to develop a monolayer and died 48 to 72 h (earlier with DT-A treatment) after electroporation (Fig. 4a) . However prominent changes in morphology could be seen already after 24 h of intoxication (Fig. 4b) . It should be noted that the observed major morphological changes and ultimate cell death were caused by minute amounts of protein, which were undetectable by Western blotting with monospecific anti-Lgt sera (not shown). Addition of the enzymes (Lgt1 to -3 and DT-A) to cell culture medium did not cause any cytotoxicity (not shown). Also, electroporation of cells with the inactive DXD (D246N/D248N) Lgt1 mutant or electroporation in the absence of any bacterial enzymes was not toxic (Fig. 4a) .
The results of the above morphological studies were in good agreement with direct counting of residual live EBL cells 24, 48, and 72 h following intoxication. As shown in Fig. 4 , intoxication by Lgt1, Lgt2, and Lgt3 was considerably slower than that with DT-A. With the Lgts, a significant decrease in cell quantity was observed after 48 h, whereas DT-A reduced the number of live cells already at the 24-h time point. However, differences in numbers of live cells after 3 days were insignificant for all tested enzymes (Fig. 4c) .
Inhibition of protein synthesis by Lgt2 and Lgt3. To study whether the observed cytotoxic activity of L. pneumophila glucosyltransferases was due to effects on transcription/translation, we employed two protein synthesis assays, i.e., in vitro transcription/translation and in vivo methionine incorporation. As shown in Fig. 5a , whereas Lgt1 and Lgt2 completely sup- pressed in vitro luciferase translation at 2 g/ml, Lgt3 and DT-A were even more potent and blocked luciferase production at 0.2 g/ml. Considering the differences in molecular masses of the enzymes, Lgt3 was the most efficient inhibitory protein in this assay. To prove that inhibition of protein synthesis takes place under in vivo conditions, [ 35 S]methionine incorporation into newly synthesized proteins was studied. As shown in Fig. 5b , intoxication of EBL cells by electroporation with increasing concentrations of glucosyltransferases Lgt1, Lgt2, and Lgt3 and the ADP-ribosyltransferase DT-A resulted in significant reductions of radioactivity incorporated into trichloroacetic acid-precipitated material. The inhibitory activities of all the glucosyltransferases were roughly the same and were approximately 10 times lower than that of DT-A.
Production of glucosyltransferases by L. pneumophila. In contrast to Lgt1, which was initially identified in and isolated from L. pneumophila cells (3), Lgt2 and Lgt3 were studied here initially as recombinant proteins expressed in E. coli. Therefore, it was of interest to investigate the production of these molecules during growth of L. pneumophila. For this purpose, we utilized Western blotting with monospecific sera raised in mice by immunization with purified His-tagged Lgt1, Lgt2, and Lgt3. As shown in Fig. 6a , each anti-Lgt antibody reacted specifically with the corresponding transferase (e.g., Lgt1, Lgt2, and Lgt3). However, when a crude ultrasonic extract of agar-grown L. pneumophila strain Philadelphia-1 was used in the assay, only anti-Lgt1 and anti-Lgt2 sera produced positive signals. The antibodies recognized bands with the expected molecular masses (i.e., ϳ60 kDa for Lgt1 and ϳ70 kDa for Lgt2). Anti-Lgt3 serum failed to react with the crude preparation of L. pneumophila. These results suggested that only Lgt1 and Lgt2, not Lgt3, were produced by L. pneumophila Philadelphia-1 at detectable quantities under the growth conditions used.
To study whether the production of glucosyltransferases is dependent upon the growth phase of Legionella, we cultivated microorganisms in BYEB (24) or in BPPB (14, 25, 29, 33) . In order to allow bacteria to adapt to the proteose-peptone nourishing base, legionellae from yeast extract agar plates were transferred into BPPB and cultivated subsequently for 96 h on a shaker. These late-stationary-phase cultures were used to inoculate fresh broth (time point "0 h"), and incubation proceeded thereafter for up to 48 h. Later, we found that the production of proteins was identical in the first and second rounds of cultivation, and thus, such "adaptation" seemed to be unnecessary. However, we still used this approach throughout the investigations.
Strong production of Lgt1, Lgt2, and the type IV secretion system effector RalF (this protein has been shown previously [22] to be repressed at exponential phase and induced in postexponential-phase bacteria and thus served as a control in our experiments) could be detected at lag phase, at the beginning of logarithmic phase, and maximally at the stationary period of growth in both types of medium. Actively replicating L. pneu- Since a lack of detection of Lgt3 could be caused by the low sensitivity of the assay (Western blotting), we utilized real-time PCR to study a time course of expression of L. pneumophila glucosyltransferase genes. These experiments were done with lgt1 and lgt3 genes as targets, obtained from bacteria grown in BPPB.
As shown, transcription of lgt1 was elevated at lag phase and especially elevated at postexponential phase, while being repressed during logarithmic growth of legionellae. Thus, these results correlated well with the data obtained earlier in Western blots with anti-Lgt1 sera. However, in contrast to previous negative Western blot experiments with anti-Lgt3 serum, RT-PCR with lgt3-targeting primers was positive. Yet the expression pattern in the latter case was quite different from that for lgt1. Synthesis of lgt3 mRNA was strongly induced at lag phase and declined with the onset of bacterial multiplication (Fig.  6c) . Estimation of the melting temperatures of the resultant PCR products confirmed that these were amplified fragments but not products of side reactions (e.g., primer dimers, nonspecific amplification, etc. [not shown]).
To study further the expression dynamics of glucosyltransferases, we investigated the production of Lgt1 and Lgt3 in two other L. pneumophila strains, Paris and Lens, cultivated in BPPB (the lgt2 gene is lacking in these strains), using Western blotting. Growth curves for both strains were similar to growth of the Philadelphia-1 strain. As with the Philadelphia-1 strain, induction of Lgt1 synthesis could be observed at lag and stationary phases, while synthesis of Lgt3 peaked at preexponential phase and was repressed in bacteria entering logarithmic growth ( Fig. 7a; also, Fig. S1B in the supplemental material) .
To investigate Lgt1 and Lgt3 production at earlier time points, we incubated L. pneumophila Paris in ACES-K buffer or BPPB for up to 4 h and investigated the resulting samples by Western blotting with the corresponding sera. Whereas the amount of Lgt1 was not changed during the cultivation ( Fig.  7b; also, Fig. S1C in the supplemental material) , the level of FIG. 6 . Analysis of glucosyltransferase production by L. pneumophila Philadelphia-1. (a) An ultrasonic extract of L. pneumophila strain Philadelphia-1, grown on BCYE agar for 48 h, or corresponding purified glucosyltransferases were subjected to SDS gel electrophoresis, transferred to a nitrocellulose membrane, and probed with anti-Lgt1 (lanes 1 and 2), anti-Lgt2 (lanes 3 and 4), and anti-Lgt3 (lanes 5 and 6) sera. Lanes 1, 3, and 5 contained purified GST-Lgt1, GST-Lgt2, and GST-Lgt3, respectively (100 ng per lane). Lanes 2, 4, and 6 contained a crude extract of L. pneumophila (extract; 40 g per lane). (b) Ultrasonic extracts of L. pneumophila strain Philadelphia-1, grown in BPPB for 3, 6, 12, 24, 36, and 48 h, were processed with sera against Lgt1, Lgt2, Lgt3, and RalF (a type IV secretion system effector protein) or subjected to glucosylation assay with UDP- Such characteristic patterns of Lpg1 and Lpg3 synthesis during cultivation of L. pneumophila in liquid medium in vitro prompted us to study the expression of the corresponding genes during infection of A. castellanii, one of the natural hosts of this bacterium. In these investigations, we infected amoebae with agar-grown cultures of L. pneumophila and studied specific mRNA levels at different time points by RT-PCR. As shown in Fig. 8 , maximal expression of lgt1 was observed early in the infection (3 h) and at a very late time point (72 h), when the majority of microorganisms remain in the extracellular space. In contrast, maximal expression of lgt3 mRNA could be observed only at the 3-h time point. Thereafter, with the onset of bacterial multiplication, synthesis of the product was suppressed.
Taken together, our data demonstrate that synthesis of all Lgt enzymes is repressed in actively proliferating microorganisms. In contrast, a strong increase in production of glucosyltransferases takes place in slowly replicating or nondividing bacteria under both in vitro and in vivo conditions.
DISCUSSION
For interference with the metabolism of eukaryotic host cells, protein synthesis is an attractive target for bacterial pathogens. At least two mechanisms have been shown to be used by microorganisms to inhibit translation processes in eukaryotic systems. These are RNA cleavage by N-glycosidases, known as Shiga-and Shiga-like toxins, and eEF2 inactivation, accomplished by ADP-ribosylating toxins of Clostridium diphtheriae and P. aeruginosa (26, 34) . Recently, we showed that the 60-kDa glucosyltransferase Lgt1 from L. pneumophila inhibits protein synthesis by modification of eEF1A. Here we demonstrate that Lgt1 belongs to a family of Legionella glucosyltransferases. This family can be divided into three subfamilies, encompassing ϳ60-kDa Lgt1 glucosyltransferases, ϳ70-kDa Lgt2 glucosyltransferases, and ϳ100-kDa Lgt3 glucosyltransferases. Our results confirm that all of these related proteins glucosylate eEF1A of mammalian host cells. Moreover, we show that the same serine residue (serine-53) was modified. The modification resulted in protein synthesis termination and produced profound changes in cellular morphology and, ultimately, cell death. Replacement of serine-53 by an alanine residue abolished glucosylation, while replacement by threonine caused a strong decrease in labeling. The residual modification in the latter case was not unexpected, since a threonine residue, as shown for clostridial cytotoxins, could also represent a target site for glucosylation (16) .
In in vitro transcription/translation experiments, Lgt3 was the most active enzyme. However, its in vivo activities in eukaryotic cells (tested in cytotoxic and methionine incorporation assays) did not differ considerably from those of Lgt1 and Lgt2. The reason for this discrepancy is not clear, but electroporation experiments might be influenced by many additional factors (e.g., the size of the delivered molecule, its charge, hydrophobicity, etc.) which are different for the three glucosyltransferases and thus probably define the different accessibilities of the enzymes in target cells.
Lgt1 and Lgt2 were detected in agar and liquid cultures of L. pneumophila Philadelphia-1 by positive reaction with monospecific sera in Western blots. In agreement, we were able to demonstrate induction of Lgt1 and Lgt3 mRNA synthesis by RT-PCR. All approaches used showed that transcription/translation of glucosyltransferase genes was markedly growth phase dependent, being higher at periods when proliferation of bacteria was low, i.e., at the lag (for Lgt1, Lgt2, and Lgt3) and stationary (for Lgt1 and Lgt2) phases. The results obtained with strain Philadelphia-1 were confirmed for Lgt1 and Lgt3 by using the Paris and Lens strains of L. pneumophila. It is not clear, however, if elevated production of Lgt1 (and Lgt2) during lag phase results from actual induction at early time points or simply represents the lack of an active shutdown. According to the experimental protocol, bacterial cells from the late stationary phase were used to inoculate fresh medium. Therefore, theoretically, production of virulence traits that are up-regulated at stationary phase (e.g., Lgt1 and Lgt2) could continue for some time during the lag phase. Thereafter, their production was decreased. Apparently, this was not the case with Lgt3, whose synthesis was induced only during a short period of the lag phase and was repressed thereafter.
This type of regulation prompted us to investigate lgt1 and lgt3 expression in the amoeba model of infection by RT-PCR. The results of these experiments are in general agreement with the in vitro studies and reveal that at an early infection time (3 h following the start of the infection), L. pneumophila exhibits a high level of lgt1 expression and, additionally, activates lgt3 for a limited period of time. Thereafter, bacteria which are able to multiply actively inside phagocytes (at 24 h and 48 h) (6, 12, 18, 28) and appears to be true for Lgt proteins. It has been speculated that the bacterium may optimize the adaptation for colonization of different hosts by producing several redundant isoforms of proteins important in infectious processes (19, 23) . Our data suggest that this redundancy is functional not only during infection of different hosts but also at different stages of single-host colonization. Different isoforms of enzymes with distinct enzymatic and biochemical properties could adapt more efficiently to environmental changes occurring during host-pathogen interactions.
In a previous report, we demonstrated that in eukaryotic cells infected with L. pneumophila, modification of eEF1A took place (4) . On the other hand, in the present study we failed to detect Lgts in extracellular liquid of Legionella cultures grown for 3 h or 24 h (not shown). These data suggested that the bacteria are able to deliver glucosylating enzymes directly into the cytoplasm of target cells. The best-studied transporting device in L. pneumophila is the dot/icm type IV secretion system (20, 32) . Using bioinformatic screening, de Felipe and coworkers recently searched for eukaryotic protein motifs in L. pneumophila (12) . They were especially interested in identifying gene products of potential eukaryotic origin, which are substrates of Legionella type IV secretion and may be acquired by horizontal gene transfer. Interestingly, among several proteins which met their criteria, they detected Lgt3 and Lgt2 (LegC5 [ORF lpg1488] and LegC8 [ORF lpg2862]) as proteins possessing coiled-coil motifs (9) . Both coding sequences were induced at the stationary phase of growth, as shown by RT-PCR. Moreover, LegC5 (i.e., Lgt3) was translocated into Dictyostelium discoideum, in a DotA-dependent manner, as a fusion protein with adenylate cyclase of Bordetella pertussis (12) . Thus, Lgt3 could represent a novel substrate of the type IV dot/icm secretion apparatus.
Whether the coiled-coil structure of these enzymes is essential for targeting the eukaryotic substrate or important for transport remains an open question. It is not clear, however, why maximal induction of Lgt3 in three different L. pneumophila strains was detected by us by two assays during lag phase, in contrast to postexponential phase, as observed for a single strain by de Felipe and coworkers. It appears that they did not study the expression of the investigated genes in lag phase, where we observed an almost 20-fold increase in the lgt3 mRNA level. Additionally, this discrepancy may also be explained by usage of different L. pneumophila strains.
The coding sequences of the glucosyltransferases investigated in our studies are located in diverse areas of the L. pneumophila chromosome. Since the identification numbers of the corresponding sequences in the Philadelphia-1 genome are lpg1368, lpg1488, and lpg2862 for Lgt1, Lgt3, and Lgt2, respectively, the distance between lpg1368 and lpg1488 is 120 genes, while the gap between lpg1488 and lpg2862 is even larger, at more than 1,300 genes. This raises a question concerning the orchestration of their expression. As shown in recent publications, the regulation of expression of virulence-associated genes is governed by a network of numerous interactions (2, 6, 15, 30, 36) . In a recent report, a major response regulator of the icm/dot type IV secretion system, PmrA, was identified (35) . As shown in motility shift experiments, it bound to a consensus motif present within the promoter areas of a number of sequences coding for several already studied effectors of the type IV secretion system as well as for some new proteins, including LegC5/Lgt3, and stimulated their expression. These data indicated that lgt3 could be regulated in concert with a certain group of type IV secretion system-related genes. Concerning other glucosyltransferases of L. pneumophila, we failed to find such a consensus motif in the promoter region of lpg1368 (the gene for Lgt1) or lpg2862 (the gene for Lgt2). Such an observation suggested that the corresponding genes (lgt3 versus lgt1 and lgt2) should be regulated differently. This speculation seems to be in line with our results of expression experiments ( Fig. 6 to 8) . As shown by Zusman and coworkers (35) , the translocated substrate RalF of the type IV secretion system also does not contain a PmrA-specific sequence in its promoter region, yet this protein has been shown by us to be regulated similarly to Lgt1 and Lgt2 in Philadelphia-1 (Fig. 6a ) and similarly to Lgt1 in strain Lens (not shown). It would be interesting to study whether other type IV effectors (e.g., sidE, sdhA, sidG, sidB, and others) which are known to contain PmrA-specific sequences are strongly induced during preexponential phase of liquid culture, similar to Lgt3.
Taken together, our data demonstrate that Lgt glucosyltransferases represent a family of redundant molecules which are capable of modifying and inactivating eEF1A. All investigated L. pneumophila strains possess a pair of Lgt1 and Lgt3 proteins, while some other strains additionally carry Lgt2. Synthesis of all these enzymes is strictly and differentially regulated, suggesting a specialized role of each protein in the Legionella life cycle.
